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ABSTRACT

Within the past two years, experiments on high-lying doubly-excited states in
He and H™ have shown spectra at energies near excited hydrogenic thresholds hav-
ing principal quantum numbers in the range N = 5 —9. While they display some
nontrivial complexities, the spectra are tremendously simpler than might be an-
ticipated on the basis of independent electron models, in that only a small fraction
of the total number of anticipated resonances are observed experimentally. More-
over, for principal quantum numbers N that are not too high, specifically N < 5
in He and N < 10 in H™, the resonance positions are described accurately by
adiabatic calculations using hyperspherical coordinates and can be parametrized
by a remarkably simple two-electron Rydberg formula. The observed propensity
for excitation of only a small subset of the possible resonance states has been cod-
ified by several groups into approximate selection rules based on alternative (but
apparently equivalent) classification schemes. Comparatively few attempts have
been made at quantitative tests of the validity of these rules. The present review
describes recent efforts to quantify their accuracy and limitations using R-matrix
and quantum defect techniques, and Smith’s delay-time matrix. Propensity rules
for exciting different degrees of freedom are found to differ greatly in their degree
of validity.

INTRODUCTION

In just the last few years our understanding of the most fundamental and most
common Coulombic three-body systems He and H~ has taken rapid strides for-
ward, driven particularly by rapid experimental progress.? In the case of H™, the
LAMPF experiment of Harris et al.? showed that in one-photon absorption by the
ground state (which reaches final states of ' P° symmetry), resonance states are
observed only within the lowest + channel approaching each hydrogenic thresh-
old. These are the + states in the lowest quantum of bending vibration of the two
electrons. This interpretation emerged by comparing the experimental resonance
positions with theoretical positions calculated in the adiabatic hyperspherical po-
tential curves®® shown in Fig. 1(a). A great deal of complexity is apparent in
these calculated potential curves. For ! P° symmetry, there are 2N — 1 potential
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Fig. 1. Adiabatic hyperspherical potential curves for ! P° symmetry of H~, shown
as an effective quantum number versus the square root of the hyper-radius R
in atomic units. The complete set of potential curves converging to all N > 1 is
shown in (a), while in (b) only the propensity-favored excitation channels are indi-
cated along with the resonance energies calculated in an adiabatic hyperspherical
approximation. From Ref. 3.




ry of H™, shown

hyper-radius R
ytoall N> 1is
hannels are indi-
¢ hyperspherical

C. H. Greene et al. 403

10

L) ¥ T T L] L L)
20 40 60 80 10 RO MO O 180 200 220
(ZR) (a.u.)

Fig. 2. Same as Fig. 1(a), except for doubly-excited ' P° channels of He. The
hyperradius R has been rescaled by the nuclear charge z = 2.

curves converging at £ — oo to each degenerate hydrogenic threshold N. Of these
numerous curves, the one that connects asymptotically to the second-most attrac-
tive potential curve is the first + state in the N-manifold, owing to a ubiquitous
+/— crossing for ! P° symmetry identified first by Macek.® Only states supported
by these potential curves are seen experimentally, whereby the full complexity of
Fig. 1(a) can be replaced for practical purposes by the tremendously simpler Fig.
1(b). A somewhat surprising result is the fact that for N -manifolds having more
than one + state, only the lowest is excited, i.e. the one that is nodeless in the
bending vibrational quantum number v of the electron pair. Higher + states in
an excited bending state are simply not observed, a difficult fact to interpret from
the potential curves alone since all of the + potential curves look very similar.
The molecular model of Rost, Feagin, and Briggs® interprets this propensity as a
conservation of the number of angular nodal lines in spheroidal coordinates, which
amounts to the same qualitative interpretation given in Refs. 3 and 4 in terms of
the bending vibrational quanta.

These basic conclusions were verified and extended by the measurements of
Domke et al.,! using synchrotron radiation to photoionize the helium ground state
in the energy range near the higher thresholds of Het(N), with N = 2 — 6. The
relevant helium ! P° potential curves calculated by Sadeghpour? are shown in Fig.
2. They demonstrate the same qualitative trend seen in H~, in that the lowest
+ potential curve within each N-manifold is the dominant one observed in the
resonance spectrum. Unlike H™, a small number of states with excited bending
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quanta (v = 1) were observed in helium, possibly indicating that the propensity
rule for exciting only v = 0 states is weaker in He than in H™, or else reflecting
the higher spatial overlap between the ground state and the lowest v = 1 channels
in He.

One new result of the combined theoretical and experimental study of Ref. 1
was the realization that the spectrum showed a new type of interference between
resonances belonging to different N-manifolds. This sort of interference or “per-
turbation” is very familiar in multichannel Rydberg spectra of the alkaline earth
atoms,” and it is seen very clearly in the data of Domke et al.! shown in Fig.
3. The spectrum in Fig. 3(c) covers the energy range between the N = 4 and
N =5 thresholds, where the lowest state in the N = 6 manifold (often called the
“Wannier ridge state”) is embedded in the middle of the Rydberg series members
converging to the N = 5 ionization threshold. Figure 3(a,b) shows the more typ-
ical unperturbed spectrum below the N = 3,4 thresholds consisting of regularly
spaced Rydberg lines having comparable peak intensity but whose widths decrease
as v3, where v is the effective quantum number of the outermost Rydberg elec-
tron. (When the width becomes smaller than the experimental energy resolution,
the peak heights are seen to gradually fall off.)

The perturbation of the N = 5 Rydberg series members by the Wannier ridge
state of the N = 6 manifold was anticipated in Ref. 3 by making use of the
fact that the observed two-electron resonance states fit a remarkably regular two-
electron Rydberg formula with only two adjustable parameters. The formula takes
a very different form for He and H~. For He, it is derived by starting from the
formula of Read® and of Rau® for the Wannier ridge states alone (i.e., those hav-
ing comparable radial excitations of both electrons). This formula was introduced
phenomenologically in Refs. 8,9 with two empirical constants to be fitted to ex-
perimental energies. (A deeper understanding of the origin of this energy level
formula was subsequently derived by Lin and Watanabe.'® The most satisfactory
explanation came out of a semiclassical first-principles derivation by Wintgen ef
al.,'! in which no undetermined empirical constants remain to be fitted to exper-
iment.}) The ridge state of principal quantum number N is now assumed to be
the lowest member of a one-electron Rydberg series converging to the threshold
Het(N) with a constant quantum defect. This gives a Rydberg formula which de-
scribes all of the propensity-favored two-electron resonance states. [For ! P°, these
are the ones having 7' =1, K = N — 2, and A = +, in the (K,T)* classifica-
tion scheme of Herrick!? as extended and reinterpreted by Lin.!* We advocate®*
replacing the K quantum number by the number of bending vibrational nodes
v = YN — K — T — 1) because the corresponding propensity rule can then be
stateé as Av = 0 for nonadiabatic transitions between potential curves of the
type shown in Figs. 1 and 2.] The resulting two-electron Rydberg formula for He
1po pA = 0% state energies has the form (in a.u., relative to the double-escape

threshold):
2 1

Sl S 1
N2 2(n —pun)?’ ()
wheren = N, N+1,..., etc. The quantum number n is better regarded as a hyper-

radial quantum number, rather than as an “outer electron principal quantum
number” as in Herrick’s work. In Eq. (1) the n-independent quantum defect ux

E(N,n) =~







